The importance of diesel engines for human application is growing day by day. The engine operating parameters also play a key role in tuning the engine conforming to the better performance and emission standards. The effect of varying the compression ratios has more impact on the performance, emission and combustion parameters. In this study, single cylinder direct injection CI engine was tested on varying the compression ratios of 18, 17 and 16 at varying loads. The combustion and performance variation on reducing the compression ratios were investigated clearly. Reduction in brake thermal efficiency and increase in exhaust gas temperatures were observed when compression ratio was reduced from 18 to 16. The brake specific fuel consumption was increased on reducing the compression ratio. Reduction of peak cylinder pressure was observed on reduction of compression ratio and the ignition delay period increased on reducing the compression ratio. The peak heat release rate was closer to TDC on increasing compression ratios from 16 to 18. The rate of pressure rise was also investigated and showed maximum of 5.38 bar/°CA and minimum of 0.78 bar/°CA on above compression ratios. Cumulative heat release was also evaluated in this study showing higher heat energy for higher loads and compression ratios. The performance and combustion parameters on the useful compression ratio of 18 were also justified. ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Internal combustion engines gained impetus when Otto developed the first petrol engine followed by the development of diesel engine by Rudolph Diesel in the late 19th century. Drastic improvements and modifications have been made in the field of Internal combustion engineering till today and they serve mankind in Transportation and Power generation [2] [3] [4] 10] . Diesel engines find more application in the current world compared to SI engines. The higher torque and efficiency due to the increased compression ratio enable the humans favouring the diesel engines for variety of applications. Day by day very strict emission regulations have been imposed on the vehicles and constant speed engines marking various technological advancements. In order to improve the performance and comply with emissions, several test parameters such as adjustment of Injection timing, Compression ratio, and injection pressures have been carried out by various researchers [1, 7, 8] . Diesel engine combustion chambers can be classified into direct type or Open combustion chamber and indirect injection combustion chamber or turbulent swirl chamber. Entire combustion is concentrated in the main cylinder combustion chamber in case of DI engine and IDI engine incorporates combustion in main cylinder and cylinder head [13] . In general, the diesel engine combustion is said to be complex and can be categorized into Ignition delay, premixed combustion phase, Rate controlled combustion phase and late combustion phase. The delay occurring between start of fuel injection and start of combustion refers to ignition delay. The occurrence of rapid combustion involving high heat release is observed in premixed phase. In controlled combustion, the burning rate is controlled by the rate of burning mixture and late combustion phase or the afterburning zone involves continuation of heat release at a lower rate [9] .
Performance, emission and combustion characteristics were evaluated at varying compression ratios with 50% load for diesel and WCO Biodiesel where the results showed that exhaust gas Temperature increased with higher compression ratios. The mechanical efficiency gradually decreased with increasing Compression ratio. The brake thermal efficiency increased and brake specific fuel consumption reduced on increasing CR. The Peak cylinder pressure also increased with increase of CR. Heat release rate reduced with increase of Compression ratio and the Heat release rate of standard diesel was found higher than the blends [14, 15] . Experimental investigations were carried out on a variable speed engine at varying compression ratios operated with diesel and biodiesel blends which revealed the increase of engine torque with increasing compression ratio at all speeds. At full load conditions, an increase in torque was about 15% and reduction of brake specific fuel consumption was about 17.3% when compression ratio was increased from 14 to 18 for standard diesel. The brake thermal efficiency increased for diesel and other blends on increasing the compression ratio. The average increase of cylinder pressure was about 8.4% on increasing the compression ratio and this was observed at all speeds. The delay period reduced with increasing compression ratio which was also observed at all speeds. Significant reduction was observed in the delay period which could be due to early combustion on increasing compression ratios [16] . The effect of compression ratios on performance, combustion and emission characteristics was studied on a dual fuel engine operated on raw biogas. Compression ratios were reduced from 18 to 16 for varying loads at spill setting of 23°bTDC. The brake thermal efficiency in dual mode improved for increasing compression ratios which could be due to complete combustion of biogas and the exhaust gas Temperature reduced for increasing compression ratio at all loads. The volumetric efficiency also exhibited a gradual reduction on reduction of compression ratio at all loads. The peak cylinder pressure reduced with reduction of compression ratio and moved closer to TDC. The heat release also increased on increasing the compression ratio. The ignition delay reduced with increasing compression ratio for all loads. Maximum ignition delay occurred for lowest compression ratio at minimum load [5] .
In the present study, performance and combustion characteristics were evaluated for standard diesel at all loads and compression ratio of 18, 17 and 16 were operated for the study. Lower compression ratios were neglected which resulted in low brake thermal efficiency and the maximum CR limit is 18. Performance parameters such as brake thermal efficiency, brake specific fuel consumption, exhaust gas temperature were studied at all loads and combustion parameters such as cylinder pressure, rate of pressure rise, net heat release and cumulative heat release were investigated.
Materials and methods

Experimental set up and methodology
The diesel engine test set up comprises of single cylinder, four stroke, and direct injection engine of Kirloskar make. The engine is water cooled with Power rating of 3.5 kW at 1500 rpm and the schematic layout can be seen from Fig. 1 . The other detailed specifications can be referred from Table 1 where the engine displacement capacity is 661 cc. Engine is also equipped with a Rotameter enabling the engine cooling operating at the range between 40 and 400 L per hour and enhances calorimeter cooling in the range of 25-250 L per hour. Since the ranges of temperature measurement used in various parts are different, varieties of thermocouples such as RTD, PT 100 and K type thermocouple are employed in the engine for the measurement of engine water temperatures and exhaust temperatures. Pressure measurement for measuring the combustion pressure and fuel inlet pressure are used in the set up where the piezo electric sensor is used with a low noise cable in the range of 5000 PSI. The piezo electric
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Abbreviations BTE brake thermal efficiency BMEP brake mean effective pressure BSFC brake specific fuel consumption CR  compression ratio  CA  crank angle  CI  compression ignition  IT  injection timing  NHR  net heat release   CHR  cumulative heat release  EGT  exhaust gas temperature  RTD  resistance temperature detector  bTDC before top dead centre  DI  direct injection  IDI indirect injection J/°CA Joules per degree crank angle bar/°CA bar per degree crank angle sensor senses the pressure and converts them into electrical signals and the values are displayed as readable by the humans. The control panel contains fuel tank of 15 L capacity, air box, manometer and fuel burette. The fuel pump and injector are of denso make with pressure of 220 bar. The fuel flow transmitter is Yokogowa make. The engine is coupled to the eddy current dynamometer of SAJ make which is water cooled for the measurement of load. Strain gauge type load cell is used to measure the load and rotary encoder enables the speed measurement. All the sensors are connected to the data acquisition system. The compression ratio can be changed when the engine is in running condition and specially designed tilting block arrangement is used for the change of CR where the combustion chamber is not altered. The compression ratio can be varied from 12 to 18 in diesel mode. The engine is operated with straight diesel with the properties tabulated in Table 2 which were all tested according to ASTM specifications.
Sufficient water flow in the engine and lubricating oil level were ensured before starting the engine and at no load condition, engine was run for about five minutes. Engine load was slowly increased and set to desired value and run for about three minutes to ensure stability and then the fuel consumption for one minute was recorded along with the parameters such as torque, speed and the temperature parameters along with exhaust gas temperature. The engine load was increased for every 25% till the full load condition and the above parameters were recorded. The performance parameters such as brake thermal efficiency, brake specific fuel consumption, and Mechanical efficiency were noted for all the loads and the combustion parameters such as In cylinder pressure, net heat release, rate of pressure rise and cumulative heat release were also recorded. The rate of pressure rise was calculated on finding the slope of pressure with respect to the crank angle. Net heat release is found using the following equation [17] [18] [19] .
And the above equation can be written as
dQ n /dh is the net heat release, dQ hr /dh is the heat released by combustion and dQ ht /dh denotes the heat transfer with the chamber walls. The same procedure was followed for varying loads and the performance and combustion were recorded. Similar procedure was followed at reduced compression ratios of 17 and 16. Compression ratio was adjusted by loosening the allen bolts on the block and adjusting the lock nut and adjustor to set the preferred CR. Then the performance and combustion were recorded like earlier for CR of 17 and 16.
The Combustion and performance parameters were measured by various instruments which are manufactured using different methods and technologies. The environmental settings and the operating conditions play a very key role in the measurement accuracy. The errors cause the problem of uncertainty which may be of fixed or random type. The instruments were therefore calibrated. The uncertainties are calculated for speed, load, temperatures, combustion pressure and fuel line pressure based on the results obtained using Eqs. (3) and (4) given below and the total experimental uncertainty was observed to be 2.04% (see Table 3 ).
DR ¼ ½ðð@R=@X 1 ðDX 1 ÞÞ 2 þ ðð@R=@X 2 ðDX 2 ÞÞ 2 þ ......ðð@R=@X n ðDX n ÞÞ 2 0:5
3. Results and discussions Fig. 2 shows the variation of Brake specific fuel consumption when compression ratio was reduced from 18 to 16. The brake specific fuel consumption reduced sharply from no load to part load and it showed gradual decrease on increasing loads which could be due to the reduced heat loss at higher loads. The BSFC reduced with increase of compression ratio which could be due to better combustion and lesser heat losses where slight reduction of BSFC was observed at higher CR. At full load conditions BSFC was reduced by almost 30% when CR was increased from 16 to 18. Brake thermal efficiency steadily increased with increase of loads due to higher power produced at higher loads. Brake thermal efficiency increased with increase of compression ratio due to better combustion at higher compression ratios as seen from Fig 3. The BTE was higher by almost 13% at full load when CR was increased from 16 to 18. The variation of BTE with CR was significant at higher loads. The Exhaust Gas Temperature increased steadily with increase of load due to more consumption of fuel for combustion. Also Exhaust Gas Temperature decreased with increase of compression ratio as seen from Fig 4 due to complete combustion and reduction in ignition lag. Almost 3% reduction in EGT was noticed on increasing CR from 16 to 18.
Variation in performance parameters
Variation in Combustion parameters
Cylinder pressure with respect to crank angle is essential for the combustion study and monitoring the engine behaviour. The piezo-sensor employed in the engine effectively generates the combustion parameters. Cylinder pressure for 0% load, 50% load and 100% load at compression ratios of 18, 17 and 16 were plotted and studied which can be seen in Figs. 5-7. At 0% load, the peak pressure was 54.9 bar and decreased by almost 21% when the CR was reduced to 16. At 50% load, the peak pressure was about 64.7 bar at CR 18 and reduced to almost 17% at CR of 16, similarly at full load conditions the peak pressure was 70 bar at CR 18 and it showed a reduction of about 10% and 13.2% with the compression ratios of 17 and 16. Fig 9 clearly indicates the variation of peak cylinder pressure at all loads for varying compression ratio. Where the peak cylinder pressure increased with increase of loads and reduced on decreasing compression ratio. The peak pressure moved slightly closer to TDC on increasing the compression ratio (see Fig. 8 ).
The variation of delay period with BMEP for various compression ratios can be referred from Fig. 9 where the compression ratio 18 at full load had the least delay period. The ignition delay reduced with increase of load and it also decreased with increase of compression ratio. Minimum delay period was observed for full load at compression ratio 18.
When compression ratio was increased from 16 to 18, overall reduction of 9% and when compression ratio was increased from 16 to 17, overall reduction of 3.5% was observed in the delay period at full load condition but the difference was not much significant during the part load and low load conditions due to the effect of lower rise of charge temperature. On increasing the compression ratio, the in cylinder air temperature increases and the combustion starts early enabling reduction of ignition delay [11] [12] [13] 16] .
Net heat release with respect to crank angle at varying compression ratios and at 0%, 50% and 100% loads is depicted in Figs. 10-12. At no load condition, the maximum heat release was found to be 23.1 J/°CA for Compression ratio of 18 and the maximum heat release point moved closer to TDC on increasing compression ratio. At high CR, more amount of heat release takes place in the premixed combustion phase than the diffusion phase. At 50% loading, the maximum heat release rate was found to be 39.4 J/°CA at CR 18 and this Crank angle (deg) Figure 7 Variation of in-cylinder pressure at 100% for various CR. Influence of compression ratio on combustion and performance characteristics point was closer to TDC. At full load conditions, the similar trend of peak heat release point moving closer to TDC on increasing compression ratios was observed. The heat release rate was high for CR 16 and showed a slight reduction at higher CR. Similar results were observed where HRR slightly decreased with higher compression ratios and this could have been due to the effect of air entrainment and lower air fuel mixing [6, 15] . The negative heat release was seen in all cases due to the heat transfer onto the cylinder surfaces. The start of combustion can also be clearly noticed where the heat release becomes zero from the negative value. The derivative of pressure with respect to crank angle can be referred from Figs. 13-15 where at No load condition, maximum of 2.28 bar/°CA rise in pressure and negative pressure rise of 1.31 bar/°CA were observed for CR 18. Lower Crank angle, deg Rate of Press rise dp/d Figure 13 Variation in rate of pressure rise at 0% load for various CR. Crank angle, deg Rate of Press rise dp/d Figure 14 Variation in rate of Pressure rise at 50% load for various CR. compression ratios exhibited lesser maximum pressure rise where at CR 16 the rate of pressure rise was 0.8 bar/°CA. At 50% load, CR 18 exhibited maximum pressure rise per°CA of 4.44 bar. At full load condition, the maximum rate of pressure rise was 5.38 bar/°CA. The ROPR moved away from TDC for CR 17 and further for CR 16 compared to CR 18 indicating increased ignition delay at lower CR.
Pressure ( bar)
The increasing heat energy (kJ) with successive crank angles can be seen from Figs. 16-18 for compression ratios of 16, 17 and 18. The minimum value of the cumulative heat release corresponds to the zero crossing of Net heat release [16, 17] . The magnitude of heat energy is found to be high for increase of loads and increase in compression ratios. At full load condition at CR 18 the CHR was noticed to be high at high CR 18 compared to CR 17 and 16.
Conclusion
The impact of compression ratios on the combustion and performance parameters was clearly investigated in this study over the entire loading conditions at various CR and the following observations were noted.
Reduction in BSFC of about 30% was observed when CR was increased from 16 to 18 and BTE improved by 13% at full load on increasing the CR. The exhaust gas temperature showed a slight reduction when CR was increased from 16 to 18 and the peak pressure showed a reduction of about 21%, 17% and 10% when CR was reduced from 18 to 16 at no load, 50% load and full load respectively and also the peak pressure moved towards TDC on increasing CR from 16 to 18. The minimum delay period was observed at full load at maximum CR of 18 and overall reduction of about 9% was observed in the delay period on increasing CR from 16 to 18 and the delay period increased on reduction in compression ratio at all loads. The peak heat release was closer to TDC when CR was increased from 16 to 18 and maximum heat release was high at higher loads. Maximum rate of pressure rise was 5.38 bar/°CA at CR 18 for 100% load and maximum rate of pressure rise reduced with reduction of CR and the Cumulative heat release was higher for higher loads and increased compression ratios. Compression ratio of 18 was considered to be the useful CR without knocking with better BTE and BSEC compared to both CR. Crank angle, deg Rate of Press rise dp/d Figure 15 Variation in rate of pressure rise at 100% load for various CR. 
